soils are numerous and have been studied across the globe: in Europe (Chardot et al., 2007; Kierczak et al., 2007 Kierczak et al., , 2008 Quantin et al., 2008; Caillaud et al., 2009) , North America (Rabenhorst and Foss, 1981; Rabenhorst et al., 1982; Lee et al., 2004; Oze et al., 2004a Oze et al., , 2004b Alexander et al., 2007a Alexander et al., , 2007b McGahan et al., 2008 McGahan et al., , 2009 ), South America (Garnier et al., 2006 , and the South Pacifi c Ocean particularly on New Caledonia's complex (Becquer et al., 2003 . Pedogenesis diff ers from location to location due to the wide distribution and occurrence of serpentine soils with varying climatic conditions as well as the nature of the parent material and other factors including topography, biota, and time (Lee et al. 2004; Chardot et al., 2007; Hseu et al., 2007) .
Th e release of Cr and Ni into ecosystems during serpentine mineral weathering suggests that serpentinite landscapes are a possible source of non-anthropogenic metal contamination Oze et al., 2008) . Th e infl uence of pedological conditions on metal partitioning is an essential consideration when analyzing the ecological functions of serpentine soils (Hseu, 2006; Chardot et al., 2007) . Examination of heavy metal distribution within soil solid phases is generally performed by selective single or sequential extractions for evaluating the mobility of metals. Selective sequential extraction approaches are typically used to partition metals into fractions, that is, water soluble, exchangeable, organically bound, carbonate precipitated, oxide bound, and residual (Tessier et al., 1979) . To verify the effi ciency of bulk soil extraction, direct mineralogical methods such as XRD, SEM, and microprobe analysis can reveal the origin and mobility of Cr and Ni in serpentine soils (Oze et al., 2004a (Oze et al., , 2004b Kierczak et al., 2008; Quantin et al., 2008) . Most Cr and Ni in serpentine soils are fi xed in primary and secondary minerals, but mineral weathering and transformation can increase metal mobility in the environment (Quantin et al., 2002; Hseu, 2006; Kierczak et al., 2008) .
Th e distribution profi le of Cr and Ni varies widely in serpentine soils. A study of well-developed serpentine soils in Tehama County, California by Gough et al. (1989) found that surface horizons contained more Cr than parent materials. Th e B horizons had the highest Ni concentrations. However, Cr and Ni content did not show clear depth functions in profi les of soils sampled from foothills of the Santa Cruz Mountains, California (Oze et al., 2004b) . Garnier et al. (2009) identifi ed chromites in a serpentine soil catena in Niquelândia, Brazil to elucidate the eff ects of pedogenesis on metal partitioning in soil and across the toposequence. Th e behavior of Cr and Ni merit increased study to determine their mineral origin and vertical distribution profi le in serpentine soils on diff erent landscapes.
Compared with heavy metals of anthropogenic origin, those of lithogenic origin are less mobile in soils. However, increased bioavailability of Cr and Ni is a potential environmental hazard in serpentine soils (Becquer et al., 2003; Garnier et al., 2006 ). An unresolved question is whether the partition between Cr and Ni in serpentine soils in humid tropical locations depends on landscape conditions. Th e fractionation of Cr and Ni corresponding to their chemical binding forms provides useful information about metal mobility, bioavailability, and potential toxicity in serpentine soils. Th is study evaluated the hypothesis that lability of lithogenic Cr and Ni in serpentine soils increases as a result of pedogenic processes due to partitioning change of the metals. Th is hypothesis was tested by analyzing horizon samples from three soil profi les on diff erent landscape positions with SSE approaches and by combining bulk analysis of these samples with mineralogical spectroscopy. Th erefore, the objectives of this study were to: (i) partition Cr and Ni into diff erent fractions in serpentine soil profi les along an eastern Taiwan toposequence, (ii) compare Cr and Ni availability in the serpentine soils, and (iii) explore soil properties and pedogenic processes related to partitioning of Cr and Ni.
MATERIALS AND METHODS

Area Description and Sample Collection
Th e study area was located on Shih-Tao Mountain in the Coastal Range of eastern Taiwan (22°47'32'' N, 121°09'30'' E) at an altitude of 300 to 350 m. Th e Shih-Tao Mountain, which is 2 km from Taitung City, is part of the urban watershed aff ecting 100,000 residents. Th e Coastal Range is at the northern tip of the Luzon Arc, which collided with the Eurasian plate during the Mio-Pliocene epoch. Th e study area contained serpentinites and underlain mudstones, which are part of the Lichi formation that crop out in the northeastern section. Th e serpentinitic rocks, which are approximately 10 m thick, are exotic blocks of ophiolite from the Philippine Sea Plate that developed during the Late Pliocene epoch (Ho, 1988) . Bedrock in the study area consists of peridotite, pyroxenites, and serpentinite. Th e primary regolith minerals in the ophiolite blocks in the serpentine group are dunite, chlorite, and spinels (Cheng et al., 2009) .
Annual rainfall in the study area is 1800 mm, and the mean annual air temperature is 22.5°C (range, 18-27°C). Subtropical broad-leaf evergreen trees, including Melia azedarach and Euphoria longana, are the dominant vegetation. Compared with other soil types, the soil in the study area has substantially sparser vegetative cover. Th e soil moisture regime is udic, and the soil temperature regime is hyperthermic according to USDA Soil Taxonomy (Soil Survey Staff , 2006) .
Th ree well-drained pedons were selected from the Shih-Tao Mountain to represent the degree of soil development on diff erent landscapes along the serpentine toposequence (Fig. 1) . Th e parent material of all pedons was derived from a single source of exotic ophiolite block. Th e reference pedons included Pedon ST-1 on the convex shoulder, Pedon ST-2 on the concave backslope, and Pedon ST-3 on the fl at footslope. Th e slopes of Pedons ST-1, ST-2, and ST-3 were approximately 50, 22, and 10%, respectively. Th e reference pedons were exposed by excavating pits to the depth of the C horizon. For each horizon, reduplicated soil samples were obtained with an auger roughly 5 to 10 m from the reference pedon. Th erefore, triplicate samples one from the pit and two from the auger were collected for each horizon and air-dried, ground, and passed through a 2-mm sieve for subsequent laboratory analysis.
Physiochemical and Mineralogical Analyses
Bulk density was measured in undisturbed fi eld blocks using the core method (Blake and Hartge, 1986) . Soil particle-size distribution was determined via the pipette method (Gee and Bauder, 1986) . Soil pH was measured in a mixture of soil and deionized water (1:1, w/v) using a glass electrode (McLean, 1982) . Total organic carbon (OC) content was determined using the Walkley-Black wet oxidation method (Nelson and Sommers, 1982) . Cationexchange capacity (CEC) was determined via the ammonium acetate method (pH 7.0), and the base saturation percentage was calculated from CEC and the exchangeable base cations (Rhoades, 1982) . Carbonate content was determined by the gravimetric method (Nelson, 1982) . Th e DCB extraction was applied to crystalline and noncrystalline oxides of Fe and Mn (Mehra and Jackson, 1960) . In all solutions, metal content was determined by fl ame atomic absorption spectrophotometer (FAAS) (Hitachi Z-8100, Tokyo, Japan). Total analysis of the major elements and Cr and Ni in soil samples utilized wavelength-dispersive X-ray fl uorescence (XRF) (Spectro Xepos, USA).
Th e XRD patterns of rock were obtained from 2° to 70° 2θ, at a rate of 0.2° 2θ min −1 (Rigaku D/ max-2200/PC diff ractometer with Ni-fi ltered Cu Kα radiation generated at 30 kV and 10 mA). Th e clay fractions for XRD were performed on K-saturated and Mg-saturated samples with heating and glycerol treatment, respectively. Undisturbed blocks were also obtained from each horizon and stored in aluminum boxes. Aft er air drying, 30-μm thick polished samples were prepared by Spectrum Petrographics, Inc., Vancouver, WA. Selected thin sections were analyzed by back-scattered electron (BSE) imaging and EDX with a SEM (JEOL JSM-6360LV) at the Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan.
Sequential Chromium and Nickel Extraction
Th e typical sequential extraction procedure employs progressively stronger solvents to sequentially solubilize various metal fractions from water or weak-acid soluble form to mineral structure form. Th e threestep extraction procedure (SSE) used in this study is described in the Standards, Measurements and Testing Program (formerly, European Community Bureau of Reference; therefore, the procedure is known as the BCR method). A detailed description of the BCR-protocol is given in Quevauviller et al. (1994) . Th is protocol specifi es the sequential use of dilute acetic acid, reducing agent, and oxidizing agent. However, an additional step using a HF-HNO 3 -HClO 4 -H 2 SO 4 mixture to dissolve Cr and Ni from the residue remaining aft er three extraction steps was included. During the four steps of the SSE procedure, Cr and Ni were divided into the following fractions: (i) acid extractable (F1), (ii) reducible (F2), (iii) oxidizable (F3), and (iv) residual (F4). Except for the residual fraction, the other fractions are well recognized as potential labile pools of heavy metals in soils. Each of the chemical fractions of Cr and Ni is operationally defi ned as follows:
1. F1: 1 g soil (dry wt.) extracted using 20 mL of 0.11 M HC 2 H 3 O 2 (acetic acid) in Tefl on centrifuge tubes with a 16 h shaking period at 25°C.
F2:
Residue from F1 extracted with 20 mL of pH 1.5, 0.5 M NH 2 OH‧HCl (hydroxylamine hydrochloride) with a 16 h shaking period at 25°C.
F3:
Residue from F2 digested with 5 mL of pH 2, 8.8 M H 2 O 2 (hydrogen peroxide) for 1 h at 25°C (vessel covered) and then extracted with H 2 O 2 for 1 h at 85°C with occasional shaking to reduce the volume to <3 mL (uncovered vessel); an additional 5 mL of H 2 O 2 for 1 h at 85°C with occasional agitation to reduce the volume to <1 mL (uncovered vessel), and then 20 mL of pH 2, 1 M NH 4 C 2 H 3 O 2 (ammonium acetate) was added and agitated continuously for 16 h at 25°C. Th ree replicated samples were measured in all cases. Th e extracts were fi ltered with Whatman No. 42 fi lter paper and millipore fi lter paper <0.45 μm. In all solutions, Cr and Ni were measured by FAAS. sequence were dark grayish brown (2.5Y 4/2) and grayish brown (2.5Y 5/2) in Pedon ST-1. Th e colors of Pedons ST-2 and ST-3 were redder than those of Pedon ST-1. Th e color hues of all horizons in Pedons ST-2 and ST-3 were 10YR and 7.5YR. In all soil horizons, the values and chroma of the Munsell color ranged from 2.5 to 5 and from 1 to 4, respectively. Soil structure in Pedon ST-1 was weak and fi ne subangular blocky. However, soil structure in Pedons ST-2 and ST-3 was moderate and medium subangular blocky. Clear clay fi lms were only found on ped surfaces in the argillic (Bt) horizon of Pedon ST-3. All horizons of Pedons ST-1 and ST-2 were slightly sticky and slightly plastic, while the horizons of Pedon ST-3 were sticky and plastic.
RESULTS
General Soil Properties
Bulk density ranged from 0.9 to 1.2 Mg m −3 and did not diff er with depth or among diff erent pedons. Clay content increased from Pedon ST-1 to Pedon ST-3. Moreover, a clear accumulation of clay was observed in the Bt horizon of Pedon ST-3 with clay content of 34% (Table 1) . Conversely, the highest sand fraction was noted in Pedon ST-1, which contained <15% clay. Organic C content was generally highest in surface horizons and decreased as soil depth increased. Regarding all surface soils, Pedon ST-3 had slightly higher OC than the other two pedons. However, OC content was consistently lower than 3.0% (Table  1) . Th e pH values of all soils were neutral or alkaline. Th e pH increased with soil depth in Pedon ST-1, but the profi le distribution of pH varied in Pedons ST-2 and ST-3. Average pH of pedons decreased from the shoulder (Pedon ST-1) to the footslope (Pedon ST-3). Th e base saturation percentage (BSP) increased from the surface soil to the C2 horizon (40-70 cm in depth) in Pedon ST-1, but no correlation with depth was noted in Pedons ST-2 and ST-3. Average BSP was highest in Pedon ST-1 and lowest in Pedon ST-3. Th e CEC values ranged from 10.6 to 18.6 cmol kg −1 in all soils, but the depth trend of CEC was irregular in all pedons. Th e exchangeable Ca/Mg ratio decreased with soil depth in all pedons. Additionally, the exchangeable Ca/ Mg ratio in all horizons of Pedons ST-1 and ST-2 was lower than 1.0, indicating that Mg was higher than that of Ca on the exchange sites in uplands. Carbonate content was consistently low (0.5-1.5%).
Average value of DCB-extractable Fe (Fe d ) of pedons increased from the shoulder to the footslope (Table 1) Average Cr and Ni of pedons increased from the shoulder to the footslope. Th e Cr and Ni content in all soil horizons varied considerably (Table 1) . However, average Cr was highest in Pedon ST-3 while Ni was highest in Pedons ST-2 and ST-3. Th e lowest total Cr content was 1060 mg kg −1 in the A horizon of Pedon ST-1, and the highest Cr content was 3293 mg kg −1 in the C horizon of Pedon ST-3. Th e minimum total Ni content was 1314 mg kg −1 in the C3 horizon of Pedon ST-1, and the maximum was 4048 mg kg −1 in the BC2 horizon of Pedon ST-3. Figure 2 shows the SiO 2 -Al 2 O 3 +Fe 2 O 3 -MgO ternary diagram, which indicated that soil horizon samples could be separated into two groups based on diff erences in Si and Mg content between horizons. Group 1 included the A horizons of Pedons ST-1 and ST-2 and all horizons of ST-3, which apparently had relatively higher SiO 2 content due to substantial Mg loss from the soils. Th e remaining horizons belonged to Group 2, in which MgO was higher and SiO 2 was lower than in Group 1.
Chlorite was the most abundant clay mineral; however, residual enstatite was identifi ed in the bedrock associated with magnetite and chromite (Fig. 3) . Th e clay fraction of all pedons contained residual enstatite, particularly in the C horizons (Table  2) . Chlorite increased with soil depth in all pedons and was highest in Pedon ST-1 and lowest in Pedon ST-3. Pedon ST-1 contained substantial smectite, which decreased with soil depth, whereas Pedons ST-2 and ST-3 had relatively lower smectite content. Abundance of vermiculite in Pedon ST-1 correlated with depth. In Pedon ST-2, the subsurface soil contained more vermiculite than the surface soil, whereas in Pedon ST-3, the surface horizon contained more vermiculite than the subsurface horizons. Serpentine content was relatively higher in Pedon ST-1 than in Pedons ST-2 and ST-3. In the Fe oxide species of clay minerals analyzed in this study, chromite content was much higher than magnetite and goethite content. In the surface soils of all pedons, chromite, and magnetite content was apparently lower, while goethite content was relatively higher. Additionally, trace quartz was still observed in all pedons, which was considered evidence of local aeolian additions in all soils.
Chromium Fractionation
Fractional totals of Cr in all soils ranged from 85.7 to 101% of total Cr. Th erefore, Cr recovery was not problematic during SSE (Table 3) . Th e SSE results demonstrated that the highest Cr content in the soils was associated with residual fraction, indicating that the original Cr was primarily fi xed in the recalcitrant minerals of the serpentine soils. Th e Cr-bearing minerals identifi ed in this work were silicates and Cr-spinels (i.e., magnetite and chromite), which were dissolved from the residual fraction, and which is consistent with the SSE fi nding of large amounts in the F4 fraction. Figure 4 shows the BSE image of chromites in the soils. Th e chromite matrix is light gray; however, the edges of the chromite deposits, which are indicated by the white imperfections, are partly broken and are gradually altered along the cracks in the mineral surfaces. Th e cracking alteration on chromite surfaces was clearer in the surface soils than in the subsurface soils in all pedons, particularly in Pedon ST-3 (not shown). Th e SEM/EDX analysis of thin sections from selected horizons indicated that the composition of the imperfect edge toward the soil matrix (dark gray veins with black striation) had signifi cantly lower Cr but signifi cantly higher Si and Mg. For instance, the chromite matrix in the C4 horizon of Pedon ST-3 contained Cr 29.5%, Si 7.61%, and Mg 7.53% while Cr, Si, and Mg was 20.5, 15.9, and 10.2%, respectively in the imperfect edge of chromite (Table  4) . Generally, the amount of Fe in the ultramafi c rocks was very high, and Fe oft en appears in silicate, hydroxide, and amorphous forms in serpentine soils (Quantin et al., 2002) . Th erefore, the EDX measurement of the diff erence in Fe content between the interior and imperfect edge of chromite varied in this study.
Concentration of the F1 fraction corresponding to water soluble, easily exchangeable, and carbonate-related forms were observed in the following order across the toposequence: Pedon ST-3 > Pedon ST-2 > Pedon ST-1. Th e F1 fraction, which is the most mobile phase in the SSE, was signifi cantly lower than other soil fractions (Table 3) . Th e F1 fraction was consistently undetectable in Pedon ST-1 due to minimal chemical weathering of this incipient soil in comparison with the other pedons. Th e trend of F1 fraction with depth was variable in Pedon ST-2. Except for the BC2 horizon, the F1 fraction decreased with depth in Pedon ST-3.
Th e trends of the F2 and F3 fractions across the toposequence resembled that of F1, but concentrations of F2 and F3 were much higher than those of F1.Th e F2 fraction decreased with depth in Pedons ST-1 and ST-2, but the depth trend was irregular in Pedon showing an increase in the Bt and BC horizons. Th e F3 fraction clearly decreased with depth in Pedon ST-1, while the depth trend of F3 fraction was irregular in the other two pedons. Th e trend of F4 fraction with depth varied in all pedons. However, average F4 fraction of pedons decreased from Pedon ST-3 to Pedon ST-1.
Nickel Fractionation
Fractional totals of Ni in all soils ranged from 92.6 to 111% of total Ni (Table 5 ). Like Cr, diff erences between total Ni content measured by XRF and total Ni extracted by SSE were low, which is considered acceptable for these experiments. In all horizon samples, the lowest Ni concentrations were noted in acid extractable forms (F1), and concentrations in the F1, F2, and F3 fractions of Ni were much lower than those in the residual fraction (F4). However, the concentrations of acid soluble, reducible, and oxidizable fractions of Ni exceeded those of Cr in all horizons. Th e depth trends of all Ni fractions were variable in the study pedons. Th e potential mobile Ni phases (F1, F2, and F3) increased substantially from Pedon ST-1 to Pedon ST-3. Th e XRD and SEM/EDX analyses in this study detected no Ni oxide. Additionally, Ni was primarily recovered in the F4 fraction, which is typically the major source of Ni-bearing silicate lattices such as serpentines, smectites, and vermiculites . Nevertheless, the trend of total Ni content in the soils along the toposequence resembled that of Cr.
DISCUSSION
Pedogenesis-Related Partitioning of Chromium and Nickel
Because data for total Cr and Ni content in serpentine soils may not clearly indicate their bioavailability, the context of the pedogenic process should be elucidated to determine the geochemical fractions of the metals. From a pedological perspective, the degree of soil development increased along the toposequence, Pedon ST-1 (Entisol) < Pedon ST-2 (Inceptisol) < Pedon ST-3 (Alfi sol) (Fig. 1) Erosion, deposition, and lateral fl ow occurred on the welldrained toposequence. Because fi ner sediment was more easily eroded, coarser materials were left behind on the shoulder and backslope. As sediment was slowly added to the surface of footslope due to accumulation, the A horizon thickened and gradually transformed to the BA horizon (Fig. 1) . Th e shoulder and backslope with high steepness experienced more surface runoff , and the soils had lower soil moisture contents and wetted to shallow depths. However, the footslope received run-off water containing solutes and suspended particles from upslope and were potentially more leached. Because of the deposition of sediment on the footslope, Pedon ST-3 accumulated more total Cr and Ni than the other two pedons (Table 1) . Redistribution of the solutes and suspended particles through the profi le and across the toposequence supported of the general patterns of Cr and Ni in this study.
Th e loss of base cations due to leaching and the increase in clay and secondary Fe oxides were more prominent on the footslope than on the shoulder and backslope. Th ese pedogenic progressions increased the total labile fractions (F1, F2, and F3) of Cr and Ni in the soils, which correlated with the erosion-accumulation pattern in Table 4 . Main elemental composition (wt.%) of chromites (n = 5) measured by EDX in selected horizons from the study pedons. Table 5 . Chemical fractions (mg kg −1 ) of Ni shown as a mean of triplication and its standard derivation in the study soils; recovery was obtained by sum of Ni content in each fraction divided by the Ni total content (F1: acid extractable, F2: reducible, F3: oxidizable, and F4: residual).
the toposequence and resulted in the decrease of pH and increase of adsorption sites of the soils. Th e availability of metals across the toposequence occurred in the following order: footslope > backslope > shoulder. Distinct diff erences in all fractions of the metals were revealed by SSE within and among pedons, which were likely a result of pedogenic and geomorphic processes aff ecting the accumulation and leaching of Cr and Ni across the toposequence. Landscape position is believed to be the most important factor in controlling the trends in Ni and Cr fractions for this study. Th e soil properties varied due to the diff erence in landscape position, including changes in clay, pH, exchangeable Ca/Mg, and Fe d content, therefore correlated with diff erent fractions of Cr and Ni (Table 6) . Th e geochemical source of Cr and Ni was initially released from parent materials and further partitioned into the F1, F2, and F3 fractions (all labile pools) in the soil, and the labile pools tended to be highest in the subsoil and from the shoulder to the footslope. In most horizon soils, the fraction proportion of Cr and Ni followed the following order: F3 > F2 > F1 and F3 ≒ F2 > F1, respectively. Th e depth trends of F1, F2, and F3 fractions of Cr and Ni varied in all abovementioned pedons, but the average concentrations of more labile SSE fractions in pedons tended to increase down slope. In all horizon samples (n = 16), the most mobile phases (F1) of Cr and Ni were positively and signifi cantly correlated with clay and exchangeable Ca/Mg and with Fe d , respectively, and negatively and signifi cantly correlated with pH. Although the depth trends of F2 and F3 fractions of Cr and Ni were irregular in all pedons, trends in fractions were positively correlated with clay, exchangeable Ca/Mg, and Fe d across the toposequence (Table 6 ). Th is study suggests that more than one soil mapping unit should be considered because of the varying bioavailability of Cr and Ni for soil function in the toposequence.
Th e susceptibility of serpentine minerals to weathering favored the availability of Cr and Ni in serpentine soils (Bulmer and Lavkulich, 1994) . Weathering initially transformed these serpentine minerals into smectite and vermiculite, which eventually formed goethite and hematite, respectively (Table  2) . In all pedons, this weathering sequence from the layer silicates to pedogenic Fe oxides was confi rmed by the increased exchangeable Ca/Mg in the subsoil. Th e SiO 2 -Al 2 O 3 +Fe 2 O 3 -MgO ternary diagram in Fig. 2 further supports the association between total labile phases of Cr and Ni and mineral weathering because the ternary diagram indicates that total Si increased and Mg decreased in the soil from the shoulder to the footslope. Moreover, all horizon samples revealed positive and signifi cant correlations between Fe d and exchangeable Ca/Mg and sum of F1, F2, and F3 fractions of Cr and Ni (Table 6 ).
In comparison with the global OC fi gures, the soils had relatively lower OC content. Th e correlations between OC and the respective clay, pH, and Fe d were insignifi cant; the correlations between OC and the respective Ca/Mg, F2 fraction of Ni, F3 fraction of Cr, and sum of F1, F2, and F3 fractions of Cr were positive and signifi cant (Table 6) . Th e contradictory correlations for organic matter content and partitioning of Cr and Ni may have resulted from the rapid decomposition of plant litter and observable runoff and erosion in the study area, which disturbed the metal partitioning in the soil.
Mobility of Chromium and Nickel Chromium
In ultramafi c rocks, most of the Cr-spinel is the chromiumend member, chromite. Th e Cr(III) commonly substitutes for Fe(III) in silicate minerals. Because of slow weathering of the Crspinel, chromite is the primary mineral origin of chromium in serpentine soils. Chromium released from chromite is present in the soil in Cr(III) and Cr(VI) states (McGrath, 1995) . Oxidation of Cr(III) is very slow and is easily retarded by soil organic matter. Trivalent chromium forms secondary hydrated oxides in soils similar to those formed by trivalent aluminum and iron and is Table 6 . Linear correlation matrix between soil properties and fractions of Cr and Ni (see Tables 1, 3 soluble only in extremely acidic soils (Oze et al., 2004a (Oze et al., , 2004b . Th is explains the very low Cr concentrations in the F1 fraction (Table 3) , particularly in Pedon ST-1. Th e high Cr content in the residual fraction showed that Cr was mainly associated with recalcitrant minerals such as chromite, which was also observed in Rabenhorst et al. (1982) and in Garnier et al. (2009) .
Chromite is highly resistant to weathering in the soil environment (Oze et al., 2004a (Oze et al., , 2004b , but Garnier et al. (2008) argued that chromite is a possible source of mobile Cr in serpentine soils. Based on SSE analyses of bulk soils, the total phases of potential labile Cr (F1, F2, and F3) increased not only in the subsoil, but also from the shoulder to the footslope, which indicated that the increased availability of Cr resulted from weathering of parent material such as chromite. Correlations between all fractions of Cr and soil properties indicative of weathering were therefore positive and signifi cant (Table 6 ).
In another study, Hseu et al. (2007) examined similar parent material from the region via polarized light microscopy and described opaque inclusions of black and dark brown chromite together with small amounts of weakly anisotropic lightyellow clay pseudomorphs, which were apparently hypogene neoformed clay minerals. Th e SEM/EDX analyses ( Fig. 4 ; Table 4) in this study verifi ed that a chemical modifi cation of chromite increased the potential labile Cr indicated by SSE method. In all pedons, the labile source of Cr produced by chromite alteration was higher in A horizons than in the subsoil, particularly in Pedon ST-3 on the footslope. Burkhard (1993) proposed that Si content in spinels is a relative index of chromite alteration, which is consistent with the fi ndings in the current study that altered chromites in mature soil had relatively high Si content and low Cr content, particularly in footslope surface soil.
Nickel
Nickel is substituted for Mg 2+ in olivine and pyroxenes in serpentine soils . Nickel released by weathering of these primary minerals can substitute for Mg in clay minerals such as smectites and vermiculite during the early stages of serpentine soil development (Lee et al., 2001) . However, as chemical weathering progresses, these clay minerals destabilize (Hseu et al., 2007) . Highly mobile elements such as Ca and Mg are therefore preferentially leached, whereas Cr and Ni remain in the profi les and accumulate along with Fe and Mn (Garnier et al., 2009) . Compared with other transition elements, however, retention of Ni is weak in clay or in Fe and Mn oxide surfaces, even though considerable Ni can be adsorbed on Fe and Mn oxide surfaces at pH ≥ 5 (Lee et al., 2004) . Th erefore, the observable Ni in the F2 (Fe/Mn oxide-binding) fraction in this work and the positive linear correlation between the F2 fraction of Ni and Fe d was stronger than that between Cr and Fe d (Table  6 ). Silicon-rich goethite was the major Fe oxide observed in a study of serpentine Ferralsols in New Caledonia. Th e goethite scavenged large proportions of Ni and, to a lesser extent, Cr. Th e adsorbed silica retarded the crystal growth of goethite and favored the incorporation of Ni. Th e presence of needle-like goethite in tropical serpentine Ferralsols as a Ni sink is reasonable . Th erefore, the increased goethite (Table  2 ) resulted in the increase in the average F2 fraction (Table 4) in the soil from the shoulder to the footslope in this study.
Th e EDX data (Table 4) indicated that Cr has high localized concentrations on a mineral scale due to discrete bodies of chromite. Nevertheless, in terms of total mass in serpentine ecosystems, ultramafi c silicates are more prolifi c compared with chromites. Th ese ultramafi c silicates are relatively unstable in near-surface conditions and release Ni from the parent materials into the soils. Nickel from the ultramafi c silicates is adsorbed more easily on the exchangeable sites of the soils compared with Cr as hydroxyoxidic precipitates (Brooks, 1987; Lee et al., 2001; Oze et al., 2004a Oze et al., , 2004b . Th us, Ni was more extractable than Cr in all pedons in this study. As Brooks (1987) demonstrated, the exact cause of poor plant growth on serpentine soils remains controversial; however, the consensus is that Ni is more toxic than the relatively large amounts of Cr present. Th e diff erences in F1, F2, and F3 concentrations between Cr and Ni were larger in the more developed soil on the footslope than in the less developed soil on the shoulder. Additionally, the concentrations of potential labile Ni were higher than those of Cr, which indicated the greater availability of Ni compared with Cr on the toposequence during pedogenesis.
CONCLUSIONS
Th e depth trends of F1, F2, and F3 fractions of Cr and Ni varied in all pedons, but the average fractional concentrations of pedons increased from the shoulder to the footslope. Th e order of soil development was Pedon ST-1 (Entisol) → Pedon ST-2 (Inceptisol) → Pedon ST-3 (Alfi sol). Th e pedogenic progressions correlated with the erosion-accumulation pattern in the toposequence. Th e soil properties including clay, pH, exchangeable Ca/Mg, and Fe d , were associated with Cr and Ni partitioning. Th e Cr and Ni partitioning departed from their geochemical origins in the parent materials, and the ratio of the two elements changed with pedogenesis due to their diff erent chemical behaviors. Landscape position was the most important factor in controlling the trends in Ni and Cr fractions. Th e loss of base cations due to leaching and accumulation of clay and pedogenic Fe oxides coincided with increases in all labile pools (F1, F2, and F3) of Cr and Ni in the soil from the shoulder to the footslope. Th e SEM/EDX analysis revealed a chemical modifi cation of the chromites, which increased the labile Cr subsoil of pedons. Th e available content of Ni in the soils was relatively higher than that of Cr. Aft er the release of Ni (mostly from silicates) into the soils, the Ni was adsorbed on the Fe and Mn oxides. Th e SSE demonstrated that the largest amounts of Cr and Ni were partitioned in the residual fractions, but the metals were gradually transformed into labile phases in the soil from the shoulder to the footslope under humid tropical conditions.
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